The investigation of electrochemical processes at the interface of two immiscible electrolyte solutions (ITIES) is of great interest for sensing applications, and serves as a surrogate to the study of biological transport phenomena, e.g. ion channels.
Introduction
The interface between two immiscible electrolyte solutions (ITIES) is highly suitable for analytical applications, enabling both ion and/or electron transport a and thus the detection of redox active and inactive analytes. 1, 2 In particular, ordered micro-and nanometer-sized ITIES using nanopipettes 3, 4 and solid-state supports such as membranes [5] [6] [7] [8] [9] [10] [11] have gained signicant importance. 12, 13 Similar to micro-and nanoelectrodes, sensing applications benet from an enhanced mass-transport/higher charge transfer due to hemispherical diffusion compared to macroscopic electrodes or interfaces, reduced capacitive current and a reduced ohmic drop. 14, 15 The diffusional behavior through micro-and nanopores in ITIES is thereby an important factor, determining the mass transport and charge transfer processes. The diffusion processes have been studied using electrochemical measurements and the obtained results have been compared with theoretical values [16] [17] [18] [19] providing information on the location of the interface. It has been shown that the diffusion process at nanopores can be described as the sum of linear diffusion within the pores and radial diffusion behavior at both orices of the pores, 18, 20 as diffusion occurs in both directions, facing the organic and the aqueous side, respectively. 21 Other parameters that inuence the location of the interface between the two immiscible solutions are related to the interaction between the organic and the aqueous solutions, whereby the orientation of the organic molecules towards the water and the orientation of the electrolyte molecules in both solutions are dependent on the solvents used. 22 The interface between water and 1,2-dichloroethane (DCE), which is also used in the present study, was used for measurements at nanopipettes 3 and nano-sized porous membranes. 23 Additionally, the deposition of Pd-nanoparticles at the water/DCE interface was observed in situ using spatial scanning spectroelectrochemistry introduced by Izquierdo et al. 24 Electrochemical processes at the interface were monitored while transferred analytes were recorded simultaneously using UVvisible spectroscopy with a micro-focused beam displayed parallel to the liquid/ liquid interface. The same approach was also used for the study of Au deposition in an ITIES formed from the contact of aqueous and organic phase droplets. 25 The authors could show that Au(I) was formed as an intermediate species in the reduction of AuCl 4 À , using X-ray uorescence (XRF) and X-ray absorption ne structure (XAFS) spectroscopy. The reported achievable spatial resolution is in the range of 70 mm. Raman confocal microscopy was also coupled to cyclic voltammetry at mITIES to follow the transfer of ions from one phase to the other. 26 A water immersion objective with a long working distance was used to focus the laser on the interface and a depth spatial resolution of 1-2 mm could be reached. Despite this improvement, the spatial resolution achieved with spectroscopic techniques is not sufficient for the localization of the liquid-liquid interface within nano-sized membranes.
Besides standard microfabrication techniques i.e. deep reactive ion etching (DRIE) 8 for microporous membranes used in ITIES measurements, e-beam lithography with reactive ion etching 27 and focused ion beam (FIB) techniques are highly attractive to fabricate solid-state nanopores and nanopore arrays in various 2D materials. [28] [29] [30] FIB has been used as fabrication route for pore arrays supporting micro-and nanointerfaces milled in thin silicon nitride (SiN) membranes, 31 as the pore-to-pore distance can be readily adapted. FIB prototyping has further advantages such as obtaining tunable nanopore array geometries, omitting multiple fabrication steps and modifying commercially available silicon nitride membranes with varying thicknesses. FIB milling is not limited to SiN membranes and other substrates, e.g., porous alumina 32 have also been structured. Pores with diameters of 10 nm and less can be fabricated by additional treatments such as low pressure chemical vapor deposition of additional silica to FIB-milled nanoporous SiN membranes 33 or by (cold) ion beam sculpting. 28, 30 FIB milling results in a truncated cone-shaped geometry of the pores due to redeposition of milled material. 28, 34, 35 Previous results and calculations for ITIES in nanopore arrays produced using e-beam lithography predicted that the pores are lled with the organic phase. 36 Hence, the pore walls should be hydrophobic in nature. Experimental evidence is based on cyclic voltammetry, which provides information on the diffusional behavior, and on contact angle 27 measurements, which determine the hydrophilicity of both sides of the porous membrane. However, contact angle measurements fail on the nanopore arrays like those investigated in the current study, as this method cannot be used for characterization of the inner pore walls. For alumina membranes, electrochemical studies at the water/DCE interface indicated that the pores are lled with the aqueous phase, through the location of deposited nanoparticles at the interface. 37 Similarly, the pores of silicalite membranes were shown to be lled with the aqueous phase, using a facilitated ion transfer process with size-dependent exclusion of a ligand molecule due to the pore dimensions. 38 For FIB-milled membranes, implanted Ga + ions 39 may inuence the hydrophobicity of the pores' inner walls, which in turn may inuence the location of the liquid/liquid interface within the pore. Hence, exploring the characteristics of arrayed nanointerfaces produced using FIB milling is essential in order to understand the ion transfer at such interfaces. The truncated cone shaped geometry may be used to investigate the location of the interface when either the larger or smaller orice of the pores is facing the organic electrolyte or aqueous electrolyte, respectively. Hence, pore arrays were FIB-milled from the front-side or back-side of the membrane within this contribution. The ion transfer at the back-side milled arrays with the smaller pore orices facing the aqueous phase should be decreased due to a smaller interface than the ion transfer at the front-side arrays with larger orices facing the aqueous phase, as long as the diffusion zones at adjacent pores are not overlapping. Recently, Liu et al. have shown that the diffusional behavior of nanopore arrays with different pore-to-pore spacing can be visualized via the deposition of silica and using AFM-scanning electrochemical microscope measurements. 40 Depending on the pore spacing, overlapped diffusion proles at arrays with smaller pore-pore distance or independent diffusion proles at arrays with larger pore center-tocenter separations lead to a large silica deposit covering the whole array, or individual deposits at the pores, respectively. However, no information on the behavior within the pores nor on the location of the interfaces was retrieved from these studies.
To visualize the pore shape and inner pore space of SiN membrane-supported nanopores, high-resolution transmission electron microscopy (TEM) tomography has been employed. 41, 42 In contrast to TEM, FIB/SEM tomography 43 enables the reconstruction of large sample sections with a resolution down to several nanometers. 44, 45 FIB-milled cross-sections of nanopores have been published by Liu et al. in order to investigate the shape of the nanopores, especially with respect to electron-or ion beam-induced shrinking. 34 Using repeated FIB sectioning and SEM imaging of the freshly prepared face, not only the morphology but also the pore volume and interconnectivity of porous material can be reconstructed, providing three-dimensional information in the micro-and nano-range. 3D FIB/ SEM investigations have been demonstrated for biological samples, e.g. cells, providing structural information on membranes, 46 for molecular imprinted polymers, for investigating pore connectivity 47 and for materials related studies of the inner structure of Al-Si alloys 48 or arrays of metal nanotubes. 49 The aim of this work was to investigate the location of the interface of FIBmilled nanopores using high-resolution inspection of deposited silica. These studies have revealed that processes occur also within the pores. Within this contribution, we employ FIB/SEM tomography as an innovative method to study the modication of nanopores and specically the interior of the pores in an ex situ, post-deposition approach. This provides 3D information on the electrochemically deposited silica at nanoporous arrays as solid-state supports for ITIES measurements. Information is also gained about the truncated geometry of the nanopores by 3D reconstructions. For silica deposition, tetraethoxysilane (TEOS) is used as the silica precursor, which is located in the aqueous phase, while cetyltrimethylammonium (CTA + ) is the template molecule dissolved in the organic phase. 50 The ion transfer of the template CTA + from the organic to the aqueous phase leads to the condensation of silica on the aqueous side of the interface. The location of the silica might give information about the location of the ITIES during deposition. By forming a solid phase at the interface of the immiscible solutions, the location of this interface can be visualized, as has been shown for Pd deposition at alumina membranes. 37 For the silica deposits studied here, the pores' interior is analyzed using EDX and STEM measurements, an example of which is shown in Fig. 1 . Fig. 1 An overview of nanopore modification and the used techniques for the investigation of silica modified nanopore arrays. SEM images of a FIB-milled nanopore array before (A) and after (B) electrochemical deposition of silica. For 3D FIB/SEM tomography, the silica deposit is coated with a Pt/C layer and cross-sectioned using FIB (C), with the sample tilted to 52 so that the sample surface is perpendicular to the ion beam. After each milling step, a SEM image is taken of the in-plane area of the silica deposit, which is exposed using FIB sequencing. Due to the tilt correction in the y-axis, the SEM images appear under an angle of 38 (D). 
Experimental

Materials and methods
Nanopore arrays were fabricated in SiN membranes (50 and 100 nm DuraSiN Films, Protochips, Inc., Science Services) via FIB milling (30 kV, 1.5 and 10 pA, using a dual beam FIB/SEM FEI Helios Nanolab 600, ThermoFisher Scientic) with varying pore diameters and pore-to-pore separations sufficient to ensure individual pore diffusion 51 during electrochemical deposition of silica. AFM (5500 AFM/SPM microscope, Keysight Technologies) was used to characterize the pore shapes of the individual nanopores in dynamic mode AFM with a FIB-sharpened NCL probe (k ¼ 48 N m À1 , 190 kHz, Nano World).
Electrochemical deposition of silica
The electrochemical silica deposition at the nanopores was obtained as previously reported by Poltorak et al. 50 Briey, a sol of 50 mM of TEOS was prepared in 5 mM NaCl and the pH was adjusted to pH 3 by addition of aliquots of 1 M HCl. The sol was stirred for 90 minutes at room temperature to allow hydrolysis to occur ( Fig. S1 †) . The ethanol produced by the hydrolysis was removed using evaporation and the pH was raised to 9 by the addition of aliquots of 1 M NaOH solution (unless stated otherwise). An electrochemical cell was built with the obtained sol as the aqueous phase, as follows: Ag|AgCl|50 mM hydrolyzed TEOS + 5 mM NaCl (aqueous)k14 mM CTA + TPBCl À (DCE)|Ag. The template salt was prepared by metathesis from K + TPBCl À (potassium tetrakis(4-chlorophenyl)borate) and CTAB (cetyltrimethylammonium bromide) as described elsewhere. 52 The interfacial potential difference was controlled by a PGSTAT 302N potentiostat (Autolab, Metrohm). A potential of À0.1 V or 0 V was applied for 30-60 s. At this potential, CTA + is transferred from the organic to the aqueous phase, triggering the condensation reaction between silanol groups to form Si-O-Si bonds. Aer the electrochemical deposition step, the membrane was carefully removed from the solution and rinsed with a ow of ultrapure water (18.2 MU cm, Purelab OptionQ, Elga water purication system) to avoid any formation of silica through evaporation. The membranes were then placed in an oven at 130 C for 16 h to ensure cross-linking.
FIB/SEM tomography
Prior to tomography, the silica-modied samples were modied with a thin Pt layer (3-4 nm) to prevent charging effects during the milling and imaging steps using sputter coating (SCD 005, BAL-TEC). Additional Pt/C deposition using ion beam induced deposition (IBID, precursor: methyl-cyclopentadienyl-trimethyl platinum) stabilizes and protects the sample and the silica deposits during TEM foil preparation and FIB/SEM tomography. Tomography was performed with the 'slice and view' soware package (FEI, ThermoFisher Scientic) with automated FIB milling steps of the sample at 30 kV acceleration voltage and 1.5-48 pA beam current. Slices with a thickness of 5 or 10 nm were FIB-milled; a SEM image is recorded aer each milling step at 5 kV and 86 pA with the through-the-lens (TLD) detector. 
TEM lamella preparation
TEM foils were prepared as described in detail elsewhere. 53 Briey, a small lamella with a thickness of approx. 1 mm of the membrane containing the silica-modied nanopore is isolated through several FIB milling steps and attached via IBID to the micromanipulator needle (Omniprobe) (see ESI Fig. S2 †) and removed from the sample. This small lamella is then transferred onto a Cu TEM grid (Omniprobe), xed with IBID, and thinned using FIB to a thickness of approximately 150-200 nm. TEM images were recorded at 120 kV (EM 912 TEM, Zeiss); STEM and EDX measurements were performed using a FE-SEM (S-5200, Hitachi) operated at 30 kV acceleration voltage, equipped with a Phoenix (EDAX) X-ray detector and a STEM detector.
Data processing
The recorded AFM images and corresponding height proles were processed using PicoView (Keysight Technologies). The recorded slices of the FIB/SEM tomography were processed by Fiji. 54 The images were aligned using 'linear stack alignment with SIFT', 55 followed by the application of a FFT bandpass lter to adjust the brightness and contrast for all recorded and processed slices. 3D graphs were obtained with Avizo 9.1.0 Lite (FEI, ThermoFisher Scientic).
Results and discussion
Silica deposition at FIB-milled nanoporous arrays with truncated cone-shaped geometry
It is known that pores fabricated using FIB are typically characterized by a truncated cone-shaped geometry. 28, 34, 35 Prior to the modication with silica, the nanopores were characterized using AFM with respect to the pore shape using an ultra-sharp AFM tip. Membranes with a thickness of 100 nm were investigated, which were milled either from the front or the back-side, using the same FIB milling parameters. The inuence of the truncated shape and the orientation of the truncated geometry towards either the aqueous or the organic electrolyte solution has already been shown for microporous glass membranes fabricated using laser ablation. 9 Microporous arrays with dened hydrophobicity of the inner pore walls, determined using contact angle measurements, have been presented. The interface location and a hemispherical shape of the interface could be identied due to the diffusional information gained from cyclic voltammetry and corresponding simulations. To the best of our knowledge, this is the rst time that FIB-milled nanopores with a truncated cone-shaped geometry are compared with respect to their orientation towards immiscible electrolyte solutions during electrochemical silica deposition ( Fig. 2A ). Fig. 2B and C summarize the results of the AFM characterization of the pore geometry and pore diameter prior to the deposition. An ultra-sharp AFM tip, obtained using FIB milling, was used for imaging ( Fig. 2D ). During sharpening of the tip, the 9 degree mounting angle of the AFM cantilever towards the membrane's surface was taken into account. Therefore, the V-shaped truncated form of the front milled nanopore can be imaged (see extracted depth prole, dark blue line, Fig. 2C ). For the back-side milled nanopores, only the pore diameter of the small orice can be mapped. The depth prole of the back-side milled pore (light blue line, Fig. 2C ) represents the geometry of the ultra-sharp AFM tip and not the actual pore shape (as clearly seen from the scheme shown in Fig. 2A ). The average pore diameter measured using AFM is 183 nm AE 29 nm (n ¼ 3) for the front-side milled and 72 nm AE 12 nm (n ¼ 3) for the back-side milled arrays, respectively. The pore diameter determined using SEM is on average 151 nm AE 14 nm (n ¼ 100, front-side milled). As the membrane is located on a frame with a 300 mm thickness, FIB milling and SEM imaging of the back-side of the SiN membrane is less accurate, which results in a slightly distorted pore diameter as determined using SEM. Therefore, the diameter determined using SEM for the back-side milled array is not taken into account. In addition, the diameter of the small orice could not be determined via SEM without destroying the membrane. The overall small discrepancy in average diameter (determined using AFM and SEM) observed for the front-side milled pores may be explained by the limited number of measurements for AFM and, more importantly, by the limitations of SEM in providing pure surface information. 44 In addition, TEM tomography also reveals the conical pore shape (see ESI, Movie 1 †).
The dimensions of the silica deposits at these two SiN membranes, milled from either the front-side or the back-side of the membrane, should give information about the inuence of the FIB milling on the hydrophobicity of the pores. In general, the location of the interface, and hence the hydrophobicity inuences the diffusion and the formation of the silica deposits. If the interface is inlaid on the aqueous side (organic phase lls the pore), the diffusion should be more rapid (radial diffusion) compared to a fully recessed interface (aqueous phase lls the pore), leading to linear diffusion. As a result, the silica deposits should be larger for the inlaid case or smaller for the recessed case, given that the pore sizes are the same and the pores are cylindrical. If the pore orices are different, then the effects will be altered and the diffusion at conical pores is governed by three porerelated factors, which in turn inuence the silica deposition: (1) interface location recessed or inlaid; (2) interface size (radius), and (3) pore shape (cylinder, cone, or inverted cone). In the case, the FIB-milled conical pores are lled with the organic phase as shown for SiN membranes fabricated by e-beam lithography 27 and assumed for FIB-milled membranes, 31 the interface is located at the orice on the aqueous side of the membrane. As the orice facing the aqueous electrolyte differs in size for the front-side and back-side milled membranes (Fig. 2B) , the silica deposition should be larger at the front milled pore array compared to the back milled array. In Fig. 3A , the results for the silica deposition at two arrays of 100 nanopores (front and back-side milled) show different sizes of the silica deposits for both approaches, which are randomly distributed. By comparison of the different diameters of the silica deposits, the back-side milled sample interestingly shows deposits with larger diameters of up to 10 mm (Fig. 3B) , which is indicative of enhanced ion transport. In the rst step, a paired two-tailed t-test with a 95% condence level was applied, which revealed that the variation of the silica deposits for front-side and back-side milled arrays is signicant. Table 1 shows the diameters and respective standard deviations determined within the individual arrays.
The standard deviation of the silica deposits (43% and 57% of the mean value for diameters, respectively) within one array is evidently larger than the difference between the silica deposits at the two arrays. Interestingly, the initial pore sizes of the two arrays had only small standard deviations (16 and 17% of the mean value, respectively). As a result, an unambiguous interpretation of the location of the interface is challenging. It has been shown that osmotic pressures or double layers within the nanopores inuence the ion transfer at truncated pores, even for miscible solutions. This also leads to an ion current rectication depending on the ion ow direction within the truncated cone-shaped geometry. 56 In the next step, FIB/SEM tomography was evaluated as method to obtain information about silica deposits. In principle, silica is formed in the aqueous phase, 50 following the electrochemical ion transfer of the template CTA + from the organic to the aqueous phase. TEOS, which is the precursor of silica via hydrolysis and condensation, is only present in the aqueous phase.
FIB/SEM tomography
The location of the silica deposit at or in the pore aer the electrochemical deposition may indicate the location of the interface. Along with the characterization of the deposits formed outside the pores, FIB/SEM tomography can also reveal information about the insides of the pores. Pores from an array with an average pore diameter of 72 nm AE 12 nm (n ¼ 3, back-side milled) were investigated, which were modied with silica via applying a constant potential of 0 V vs. quasi Ag/AgCl reference electrode for 90 s at pH 9. Fig. 4A shows the FIB-induced secondary electron (SE) image (top view) of a single cross-sectioned silica modi-ed pore stabilized with Pt/C to prevent charging effects during milling and imaging. The SEM images in Fig. 4B -E provide a side view at 38 (tilt corrected). Fig. 4B and D reveal the dense inner structure of the silica deposit whereas Fig. 4C and E show the cross-sections of deposits at two different pores of the back-side milled array. The SEM images clearly indicate that silica has been deposited onto the membrane on the aqueous side, but also that some residue is visible within the pore and at the organic electrolyte-facing side of the membrane. The morphology of the deposits is quite different on both sides of the membrane. While the silica deposit located on the aqueous electrolyte facing side of the membrane consists of a dense homogeneous structure, the pore inside appears to be lled with a single particle and other debris (see Fig. 4C and E). The variation of contrast in the SEM image indicates an inhomogeneous composition of this mixed structure within the pore and at the organic facing side of the membrane, referred to as "residue" in the following text. The silica deposit shown in Fig. 4E appears as dense material, although two different areas can be identied based on the imaging contrast. A hemispherical region located at the pore orice indicates a denser structure displayed as dark grey in the SE contrast ( Fig. 4E , marked with arrows) and an adjacent area with lighter contrast. This hemispherical geometry is due to the diffusion of the template from the nanopore to the aqueous phase during silica deposition. In close proximity of the pore and the interface, the hemispherical diffusion is increased and silica is quickly deposited, leading to the observed contrast in the SE image. Also, a gap, visible between the silica deposits and the SiN membrane, was observed ( Fig. 4D and E) . Such gaps were predominantly visible at silica deposits larger than 9 mm in diameter. The gap might be related to the drying process, which involves a shrinking of the silica due to solvent loss, although it is not observed for all deposits (see Fig. 4B and C) . It has to be noted that the removal of the electrolyte solutions, and further cleaning/drying steps of the silica deposit may have also an effect. An example 3D reconstruction of a FIB/SEM tomography is depicted in Fig. 5 with a corresponding series of SEM images from the tomography stack (Fig. 5A , I-IV; the complete tomography stack is given in Movie 2 †). The 3D reconstruction (Fig. 5B ) reects the residue, which is located around the pore orice facing the organic electrolyte during electrochemical deposition, and an inhomogeneous structure inside the pore partially connected to the silica deposit. The drop-like structure below the membrane shows a high porosity, which seems also to be encapsulated by a thin layer (colored in yellow in the 3D reconstruction shown in Fig. 5B ). This layer is visible across the entire membrane on the organic facing side, whereas the drop-shaped residue is just located close to the nanopore. Differentiation of independent structures or particles in the SE contrast is difficult. Also, discrimination between the in-plane area and the sample volume is not possible at these dimensions in the nanometer range due to the penetration depth of the electron beam. 44 However, the conical pore shape is clearly evident within the 3D reconstruction. Further information about the elemental composition of the deposit at the organic electrolyte facing side was obtained using EDX mapping from a thin TEM foil (for details see Fig. S2 and S3 †).
Investigation of the elemental composition
In Fig. 6A , a TEM image of a nanopore is depicted and a bright particle within the pore can be seen in the magnied area marked with a blue circle. The TEM foil was ipped vertically for EDX mapping (Fig. 6B) . The EDX data clearly show that Si-containing material is also located at the organic electrolyte facing side (Fig. 6C ). Si should be just located in the aqueous phase, either as Si(OH) 4 It is necessary to discriminate between signals of the observed in-plane area exposed from FIB milling and the sample volume, as EDX and SEM are sensitive towards the subsurface composition with excitation depths larger than the thickness of the investigated TEM foils. 44 As shown in the corresponding SEM image (Fig. 6B) , the nanopore is not visible but it is contained within the sample volume of the TEM foil. Therefore, the EDX signals within the pore are overlaid by the signal of the SiN membrane and no information is gained about the elemental composition of particles and residues located within the pore, which are visible in the TEM image (Fig. 6A) .
or as
In case of small pore diameters (72 nm AE 12 nm), such as for the pore shown in Fig. 6 , it is rather challenging to prepare a TEM lamella that contains a single pore, which is open from both sides, as illustrated in Fig. 7 . The achievable thickness of the TEM foil is limited 57, 58 and the minimum thickness of the TEM samples fabricated within this study was approximately 150-200 nm. To overcome these limitations, nanopore arrays with pore diameters of 250-350 nm were FIB-milled, which is sufficient to prepare a TEM foil containing a single pore that avoids the problem of convolution of the EDX data of the pore content and the SiN membrane. These nanopore arrays were FIB-milled from the front-side of the membrane (thickness of the SiN membrane: 50 nm); this front-side was subsequently in contact with the aqueous electrolyte solution during electrochemical deposition. Two example nanopores of the investigated arrays are shown in Fig. 8 aer silica deposition. The electrochemical formation of silica was performed at pH 9 ( Fig. 8A and B) and also tested at pH 3 (Fig. 8C) ) are predominant in the aqueous phase. 59 Hydrolyzed TEOS polycondensates around CTA + ensembles to form the silica. At pH 3, mononuclear species of Si(OH) 4 are dominant, which may not facilitate the transfer of CTA + to the aqueous phase and therefore silica deposits should be absent at or within the nanopores. 52 To exclude the idea that the observed Si-rich residue within the pore or at the organic electrolyte facing side is related to silica removed from the deposits during rinsing, cleaning or drying, experiments were performed at low pH. As expected, the electrochemical deposition at pH 3 (Fig. 8C) does not lead to silica formation as observed at pH 9 ( Fig. 8A and B ). However, some pores are lled with solid particles (2 of 3 Fig. 7 Scheme of modified nanopores with a small (left) and large (right) pore diameter. For pore diameters larger than the thickness of the prepared TEM foil, the pore is accessible from both sides of the TEM foil. measured pores contained solid material) embedded in the residue lling the nanopore (Fig. 8C ). In Fig. 8A and B , a randomly mixed phase obviously composed of different materials, according to the contrast of the SEM image, is visible. Single particles are labeled as green in the 3D reconstruction ( Fig. 8D and Movie 3 in the ESI †). The black areas in the reconstruction reect "holes" within the residue. The entire residue, which cannot be identied as holes or particles due to insufficient contrast in the SE image, is depicted in yellow. Also, a nanoporous array, which was used in experiments with an acidic aqueous phase, was investigated. Although, it is not expected that silica deposits will be formed at pH 3, a modication of the pores was observed. Aer preparing a TEM foil with a pore as schematically shown in Fig. 9A -C, EDX analysis was performed.
The EDX spectra shown in Fig. 9 clearly reveal that the bright spot recognizable in the STEM image ( Fig. 9D , marked with a blue square) consists of Si. Other areas, e.g. that marked with a yellow square, mainly consist of oxygen and carbon. In both spectra, the detected Cu signal is related to the copper TEM grid. As no silica formation should be observed at pH 3, these Si-rich particles might be remains of the precursor TEOS. Another reason for these particles within the pores might be related to pre-concentration effects of the non-condensed Si(OH) 4 during the removal of the electrolyte solution or drying, leading to a reduced volume and the formation of silica. If we assume that these particles are related to the aqueous phase with dissolved non-condensed Si(OH) 4 , the question arises as to why the Si(OH) 4 containing phase is obviously also below the pore separated from the silica deposit and not condensed to silica, indicated by the Si-rich phase in the EDX map shown in Fig. 6 . In general, the condensation of silica is faster in the presence of a template, hence Si(OH) 4 should be condensed to silica directly in the ITIES at a suitable pH value. In close proximity of the silica deposits, these single Si-rich particles can be residues ushed or moved inside the pore while drying or cleaning. However, this would not explain the large residues observed at the organic electrolyte facing side, which are visible at most investigated pores and whose dimensions were signicantly larger in the sample with small pore diameters of 72 nm AE 12 nm (n ¼ 3) ( Fig. 10A and B) . It is unlikely that such particles were accidentally moved through the pore to the organic facing side of the membrane during cleaning or rinsing. Hence, it is hypothesized that these particles were formed either during electrochemical deposition or due to a preconcentration of TEOS in the post-deposition steps as described above. These residues are also evident at pore arrays with large diameters of 250-350 nm, as determined using AFM and SEM (Fig. 10C , AFM results not shown).
These observed particles may also be related to the silica forming chemistry. The hydrolysis of TEOS to silica forms ethanol as a side product. 60 Ethanol is soluble in both water and DCE, which may lead to a mixed layer. To avoid the formation of that mixed layer at the interface, ethanol resulting from the hydrolysis was evaporated. Hence, these particles can be related to the aqueous phase located within the nanopores during electrochemical measurements or, less likely, be related to displaced particles moved into the pores during cleaning and drying.
Conclusions
Within this contribution, we demonstrate the potential of FIB/SEM tomography for investigating nanopore arrays with the aim of localizing the interface between two immiscible electrolyte solutions, more precisely the visualization of electrochemically deposited silica at nanoporous arrays. While mesoporous silica formation with a homogeneous appearance is observed at the aqueous electrolyte facing side, it appears that within the pores a random mixture of different phases has been detected from the FIB/SEM tomography studies. Interestingly, Si-rich areas within the pores were determined, which indicates that in the presented experiments the obtained pores may not be entirely lled with the organic phase. Regarding the rather high carbon content detected using EDX, it is assumed that a mixed phase within the pores was present in the specic example investigated herein. This hypothesis is also supported by the results obtained for front-side vs. back-side milled pore arrays, where no signicant variation in terms of size distribution of the silica deposits was observed. Hence, the comparison of frontside and back-side FIB-milled nanopore arrays within a thin membrane enables in-depth understanding of the diffusional processes in ITIES with truncated coneshaped geometry oriented towards either the aqueous phase or the organic electrolyte solution. Furthermore, the shape of FIB-milled nanopores was conrmed using AFM measurements at the front-side milled nanopores. Last but not least, the pore was imaged in detail via FIB/SEM tomography, and the shape was unambiguously identied during associated 3D reconstructions.
In general, direct characterization of the liquid/liquid interface is a challenging task, and FIB/SEM tomography appears to be a suitable technique to visualize nanopores, and therefore to fundamentally understand the processes that may lead to the modication of such pores. Evidently, FIB/SEM is an ex-situ approach, which requires that the samples need to be transferred into a vacuum. Hence, for the visualization of immiscible solutions it is anticipated that future studies will take advantage of cryogenic FIB/SEM tomography at such pores. 61 In the presence of an electrolyte or an analyte only in one phase (e.g. metal ions dissolved in one of the immiscible electrolyte solutions), it is anticipated that sufficient contrast will be generated for direct visualization of the interface.
